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Reviewing Pulsar Spectra 
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1. Problems solved? 

Pulsar research must be considered - 35 years after the 
detection of pulsars - a mature science, where the ba- 
sic questions have been raised and discussed. One would 
hope that many if not all generic and important problems 
have found some kind of answer and that scientific work 
can concentrate now on specific details requiring more in 
depth investigation. We know, however, that this picture 
is not true. Even well studied areas did in the past not 
always lead to a general accepted model and some were 
investigated at the beginning with enthusiasm but left be- 
hind. 

This paper will concentrate on one narrow topic, pulsar 
radio spectra. It is the attempt to work out, what features 
are now generally accepted, but also what features are 
still in discussion after so many years of pulsar research. 
In this sense the paper will enlighten in a personal view 
those aspects which are still under discussion. 

2. The spectrum, indicator of the emission 
mechanism 

The spectrum, i.e. the total emitted energy in specific ra- 
dio bands, was considered from the beginning as an easy to 
measure generic characteristic of the emission mechanism, 
especially since one could hope to learn something about 
an exciting new type of coherent amplification. Cornelia 
(1971) collected and published the first data points from 
measurements made at Arecibo, a work which was carried 
on by Sieber (1973) covering a wider compilation of ob- 
servations from different observatories. Later on compre- 
hensive data collections were published by Izvekova et al. 
(1981) and Lorimer et al. (1995) who extended the compi- 
lation to several hundreds of pulsars, albeit concentrated 
on few frequency bands. More recently wide collections of 
data were published by Malofeev (2000) and Maron et al. 
(2000). 

From the beginning it was clear that pulsar spectra 
are characterizes by a "steep" spectral index, steeper than 
e.g. measured for supernova remnants, which explains why 
they were detected at rather low - below 1 GHz - fre- 
quencies. There were in addition indications that the spec- 



tra even steepen in some cases at higher frequencies be- 
yond 1 GHz, although the measurement uncertainty was 
high. Undoubtedly, some pulsars showed a " low- frequency 
turnover" , a decrease of the emitted energy at low frequen- 
cies, typically around 100 MHz, whereas other pulsars had 
a straight spectrum down to the lowest observable frequen- 
cies. The cause of this decrease - some kind of absorption 
in the magnetosphere or a loss of efficiency of the emission 
mechanism was discussed - remained unclear. 

The problem with all the measurements was a high 
variability of the pulsar emission on many time scales, 
which resulted in a high uncertainty of the data points 
and which made it questionable, if a constant, time in- 
variable spectrum exists at all. Investigations of pulsar 
spectra have, therefore, to face this problem and to look 
into the various possible contributions to the variability. 

3. Variability 

3.1. Intrinsic variability 

Emission within a pulse during the pulse window is - de- 
pending on the pulsar - highly structured showing some- 
times features as short as microseconds (microstructure) 
or even nanoseconds. Most pulsars have clearly visible 
sub-pulses extending over milliseconds, which in some rare 
cases are well organized with a shift from pulse to pulse, 
the so called drifting sub-pulses, Fig. 1. 

This effect can now be quantitatively explained by the 
occurrence of an ExB force in the magnetosphere work- 
ing on the out streaming particles. The drift bands cause 
a well defined periodic modulation (variability) of the re- 
ceived emission from pulse to pulse called P3 with char- 
acteristic time scale of several periods. Interestingly, some 
pulsars exhibit periodic modulations without recognizable 
drifting sub-pulses, where the duration extends over many 
periods, a kind of memory of the radiation mechanism 
which seems to be poorly understood so far. 

Also poorly understood seems to be the producing 
mechanism for a sudden drop of the emission to zero (at 
least below the detection limit) called nulling, an effect 
which can be found for many pulsars. These nulls can 
stretch over many periods, even dominating the emission 
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Fig. 1. Drifting sub-pulses of PSR B2016+28 



pattern, so that the emission occurs only in well defined 
bursts; an effect, which obviously results in a strong mod- 
ulation of the radiation which may extend over many min- 
utes of time. 

Measurements show that the mentioned intensity vari- 
ations are essentially broadband (> 100MHz) and with 
high probability related to the emission mechanism or the 
structure of the magnetosphere or the surface of the neu- 
tron star. The time scales extend from nanoseconds to 
minutes. It is the hope (we will come to this point later) 
that averages of the received signal over many minutes 
will "smooth out" all these variations. 

There is less confidence with respect to another effect, 
which was called mode switching: In contrast to the well 
known behavior that the average of many pulses results 
in a stable average pulse profile, some pulsars show sud- 
den variations of the average profile normally correlated 
with a change in intensity (Fig. 2). The times of variation 
are unpredictable and may occur suddenly even after e.g. 
several hours (Fig. 3). 
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Fig. 3. Mode switching for PSR B0329+54; designation 
of components explained in Fig. 2 

For mode switching pulsars, time stable intensity val- 
ues are obtainable only after some hours of integration, de- 
pending on the degree of accuracy which one would like to 
reach (see e.g. the investigation of Helfand et al. (1975) on 
the stability of integrated pulse profiles). Nevertheless, the 
hope is, that the intrinsic intensity variations can be aver- 
aged out by measurements lasting long enough - at least 
many minutes, for some pulsars even several hours. Least 
stable seem to be the mode switching pulsars whose long- 
term behavior has not yet been investigated very well. 

3.2. External influence 

3.2.1. Diffractivc interstellar scintillation DISS 

Scheuer (1968) showed as early as 1968 that interstellar 
scintillation may be the cause of the modulation of the re- 
ceived pulsar signal on time scales around several minutes, 
mainly because the small extent of the emission region 
makes pulsars ideal "point sources". Rickett (1969) could 
later proof that indeed features of strong and weak scintil- 
lation can be found in the received emission of pulsars, a 
decorrelation of the received signal in frequency and time 
being the clearest signature of this scintillation process, 
now being called diffractive interstellar scintillation DISS. 
The decorrelation is best represented by way of " dynamic 
spectra" (Fig. 4), where the average emission of one or 
several pulses is analyzed in a spectrometer and displayed 
as intensity contours. Successive spectra then depict the 
development of the structure in time. 

Typical time scales for diffractive scintillation range 
from seconds to hours and frequency scales from about 
100 kHz to a few 100 MHz. Since scattering parameters 
are now known for many pulsars, at least in the strong 
scintillation regime - albeit by far not for all and not 
for each frequency range - it is in principle possible to 
remove the strong intensity variations caused by DISS. 
Carefully planned observations, extending over much more 
than the decorrelation bandwidth, and/or with durations 
much longer than the decorrelation time should "average 
out" the variations so that the intrinsic emitted signal be- 
comes measurable. 

Alternatively one could take many observations of the 
emitted energy at a certain frequency - even if bandwidth 
and duration are smaller than the decorrelation scales - 
and average these scintillation modulated signals after- 
wards. The averaging process should smooth out the vari- 
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Fig. 4. Dynamic spectrum of PSR B0329+54 at ca. 327 
MHz 



ations if enough samples are taken. Interestingly enough, 
this was more or less the procedure which was taken intu- 
itively by the first observers, who just collected the mea- 
surements of many authors or observing periods. 

3.2.2. Refractive interstellar scintillation RISS 

For years it was known that pulsars show intensity vari- 
ations even if diffractive scintillation effects are removed. 
The cause of the remaining long-term variations was un- 
clear until Sieber (1982) could show, that they are cor- 
related with the dispersion measure and due to the in- 
terstellar medium. The theoretical foundation was laid by 
Rickett, Coles and Bourgois in 1984, who showed that 
focussing and defocussing by features large compared to 
the Fresnel scale are the origin, an effect which is now 
called refractive interstellar scintillation RISS. The effect 
is rather broadband and the times scales rather large, ex- 
tending perhaps even up to months or years as demon- 
strated e.g. by long-term observations of Stincbring et al. 
(2000) and Ramesh Bhat et al. (1999). 

The results of Ramesh Bhat et al. (1999) shook, un- 
fortunately, the confidence that diffractivc scintillation ef- 
fects may be easily removable by averaging over the decor- 
relation time or frequency scale, because they showed that 
the time and frequency scale is also variable, being influ- 
enced by the longer lasting RISS. Only really long-term 
observations are apparently able to tell the truth about 
the emitted signal strength. 

The measurements of Stincbring et al. (2000) con- 
tained also good news: Their observations demonstrate 
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quite clear that some pulsars, like PSR B0736-40, B1641- 
45 and B1859+03 exhibit very stable intensity over many 
years of observations. This means that the intrinsic emis- 
sion at least for these pulsars must be stable. The ob- 
servations give a clear hint, that the intrinsic emission of 
perhaps all pulsars is stable on long terms (intrinsic ef- 
fects being excepted as demonstrated in Sec. 3.1). So that 
we have good hope that we can talk about stable intrinsic 
(emitted) pulsar radio spectra (on time scales as discussed 
above); which means that the original, naive, approach to 
the problem of pulsar spectra - being based on the as- 
sumption of stable intrinsic spectral behavior - has found 
a justification. There remains the problem, that very few 
pulsars are known so far whose emission has been mea- 
sured to be stable on long terms. Far more long-term ob- 
servations are needed to create a sound basis for accurate 
pulsar spectra determinations. 

4. Spectra 

4-1. Spectral index 

On the basis of the discussion in the proceeding sections, 
it seems appropriate to talk about pulsar spectra as a 
well-defined intrinsic characteristic of pulsars. Observa- 
tions of the first years showed already the steep character 
of the spectra (Sieber 1973), with an exponent of -1.62 for 
the high-frequency, power law part of the spectrum (not 
taking into account the low-frequency turnover found for 
some pulsars and without considering the high-frequency 
steepening). These first investigations were based on few 
sources (27), a number, which was increased later on by 
Izvekova et al. (1981) (52 sources) and then in a big step 
to 280 by Lorimer et al. (1995), Malofeev (1996, 2000) and 
Maron et el. (2000). 

The computed mean spectral indices vary for these in- 
vestigations between -1.6 and -2.0, underlining the steep 
character of the emitted spectra, but showing also a re- 
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Fig. 5. Low-frequency turnover of PSR B1933+16 



maining uncertainty in the determination of the average 
value (which makes it not very sensible to give error bars). 
There is a wide scatter of measured spectral indices ap- 
parent for individual pulsars, ranging from 0.0 (or even 
slightly positive) to -3.1, which may explain also the scat- 
ter in the compiled average spectral index. There is also 
some uncertainty due to the fact that the frequency range 
used for the determination of the exponent is often limited 
either by lack of data or because one has to exclude either 
the low-frequency or the high-frequency turnover. 

The spectral index is only weakly correlated with any 
other measurable pulsar parameter, as e.g. P, dP/dt etc., 
the clearest correlation being given to the characteristic 
age (Lorimer et al. 1995). It remains to theories of the 
emission mechanism to explain the physical reasons for 
the differences in spectral index for different pulsars (Sec 
however section 6). 

4-2. Low-frequency turnover 

A high percentage of those (normal) pulsars, where flux 
values below 100 MHz have been measured, show a low- 
frequency drop (turnover) in intensity (see Fig. 5); and it 
is known that correlations between for example the max- 
imum frequency and the pulsar period exist. 

Several mechanism have been proposed to explain this 
drop in intensity, often related to the radiation mecha- 
nism. Since the debate on the most probable emission 
mechanism is still ongoing, there is also still no definite 
answer to the cause of this low- frequency turnover. 
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Fig. 6. Spectrum of PSR B0531+21, the Crab pulsar 

It is interesting to note, that some pulsars on the con- 
trary show definitely no low-frequency turnover, although 
accurate measurements are available for them down to 
very low frequencies (10 MHz). Famous examples are 
the Crab pulsar (Fig. 6) and the millisecond pulsar PSR 
B1937+214 (Erickson & Mohany 1985). Explanations for 
the low-frequency turnover should also clearly state, why 
some pulsars obviously show increasing intensity down to 
very low frequencies. 

Jf.,3. Break in the power law spectrum 

There were already at the beginning of the investigation 
of pulsar spectra indications, that also the high-frequency 
part of the spectrum may not completely be describable 
by just one power law. Very few pulsars showed indica- 
tions of a steepening of the spectrum (see e.g. Fig. 7), 
which could be fitted by two power laws. The fact that 
pulsar emission is highly variable on many time scales 
(Sec. 3), makes it difficult to firmly proof such a break 
in the spectrum and to separate clearly intrinsic effects 
from e.g. long-time refraction effects. It should, however, 
be mentioned, that a break in the spectrum is a natural 
consequence of some theoretical radiation emission mech- 
anisms; see e.g. Ochelkov & Usov (1984). 

Most interesting appears also the fact that some pul- 
sars show obviously an increase of their emission intensity 
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Fig. 7. Spectrum of PSR B1133+16 

at very high frequencies; this effect will be discussed in 
detail in the contribution of Wielebinski (2002) in these 
proceedings. 

5. Millisecond pulsars 

The detection of millisecond pulsars opened up a new 
era in the investigation of pulsars. Millisecond pulsars oc- 
cupy a different region in the parameter space and build 
therefore a severe test for every theory of radio emission. 
Comparisons between the characteristics of normal pulsars 
and millisecond pulsars were therefore eagerly expected. 
Kramer et al. (1998) published the spectra of 32 millisec- 
ond pulsars and found an exponent of — -1.8 if no distance 
limit was applied. Nearer pulsars (distance less then 1.5 
kpc) showed a bit flatter spectrum with = - 1.6. They com- 
pared this result with 346 normal pulsars, which showed 
an exponent of = -1.6 for all distances and of = - 1.7 for 
distances < 1.5 kpc. In correspondence to the result of 
Toscano et al. (1998), who measured an index of = -1.9 
for southern millisecond pulsars, one comes to the con- 
clusion that there exists no real difference in the spectral 
index between normal pulsars and millisecond pulsars. It 
seems that the same radiation mechanism works in both 
environments. 

5.1. Low- frequency turnover 

Kuzmin & Losovsky (2001) were able to extend the spec- 
tral frequency range of quite a collection of millisecond 
pulsars down to 100 MHz. Interesting enough no low- 
frequency turnover (drop at low frequencies) was detected, 
with one exception, PSR J1012+5307. Together with the 
fact that the millisecond pulsar PSR BT937+214 shows a 
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Fig. 8. Simulation of the steepening of the spectrum 
(Sieber 1997): A gaussian core component is assumed (cir- 
cles) and a cone component (triangles). The measured in- 
tensity of the core component and of the whole profile 
(crosses) drops rapidly just due to the shrinking of the 
profile width at high frequencies 

straight spectrum down to 10 MHz. there is the indication, 
that low-frequency turnovers might be rarer in millisecond 
pulsars than in normal pulsars. 

6. Geometry 

The geometry of the hollow-cone must have a direct im- 
pact on the spectrum, if the radio emission is - as we 
believe - concentrated in a hollow cone with a frequency 
dependent width. Kramer et al. (1994) and Sieber (1997) 
could demonstrate that the observed spectrum may be in- 
deed steeper than the emitted one, the steepening being 
caused by the shrinking of the hollow-cone width at high 
frequencies. 

An emitted spectrum with exponent = -1.5 could - 
depending on the specific geometry - be observed as a 
spectrum with = -2. This would mean, that the radiation 
mechanism itself must not produce such steep spectra as 
we observe them. 

In addition, the received intensity may depend on sev- 
eral more geometrical factors, e.g. the curvature radius of 
the field lines, the emission hight over the neutron star sur- 
face and the orientation of magnetic field axis and rotation 
axis. Kuzmin & Solov'ev (1986) worked out an curvature 
radiation emission model which reflects quite well as an 
example the spectral characteristics of PSR B1133+16, 
including the low-frequency turnover and taking into ac- 
count all these geometrical effects. 

It appears obvious that geometrical effects influence 
the shape of the received spectrum; but it is much harder 



to determine the exact impact in individual cases, since 
then the precise geometry has to be known, e.g. the an- 
gle between rotation axis and magnetic field , as well as 
the impact angle . Normally the geometry is derived from 
measurements of the polarization angle sweep across the 
profile; these measurements are, however, often spoiled by 
orthogonal polarization angle jumps and may give unre- 
liable results. Most promising are polarization angle his- 
tograms which often allow to determine at least the angle 
sweep with good precision. 

7. Conclusions 

From the arguments presented one is led to the conclusion 
that astonishingly few problems found an answer so far. 
One of these is obviously the question of the stability of 
the intrinsic spectrum which seems to be settled in the 
sense, that we can now indeed assume a stable emitted 
spectrum being heavily modulated by transmission effects 
on all time scales extending up to months. Also the in- 
trinsic variations manifested as drifting sub-pulses and P3 
modulation can now be explained more and more in the 
framework of geometrical mapping to the polar cap of the 
neutron star. 

To the still debated problems belongs e.g. the question 
of the cause of the low-frequency turnover in the spec- 
tra of pulsars - normal and millisecond - the cause of the 
high-frequency break in some spectra and the turn-up at 
extreme high frequencies. And finally it would be of great 
help if the geometry of the emission geometry of more and 
more pulsars could be determined with higher confidence. 
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